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Table 2.;~ 

CUMULATIVE MASS-CHAIN YIELDS OF FISSION PHODllCTf> 
(VA LUF:S ARE IN PEHCENT OF FISSIONS) 

.---. 
I I TJ-?:lfi 

~' Numb.er 

72 
'I;; 
74 
75 
76 
77 

78 
79 
80 
81 
82 
8d 

84 
85 
86 
87 
88 
89 

90 

r 
Thermal 
Neutrons * 

l.Gxl0"
5 

1.1xl0 - ~ 
-4 a 

(3.2xl0 ) 
(8.8xl0 -'I) 

(0.0029) 
0.008:-1 

0.021 
(0.041) 
(0.077) 
0.14 

(0.29) 
0.544 

1.00 
1.:30 
2.02 

(2.!H) 
(3.92) 
4.79 

5.77 
91 5.81 

I 

92 
93 

9;' 

6.o:! 
6.15 
6.40 
6.27 

I 96 (;.33 

I ~~ I ~:~~ 

Fission 
Neutron!:! 

4.6x1il -4 

0.0012 
0.0034 
0.0062 
0.012 
0.023 

0.048 
0.096 
0.19 
0.21 
0.50 
0.80 

l.3 
1.85 
2.5 
:.1.:3 
4.2 
fi .1 

5.8 
5.85 
6.0 

I 6.1 

I ::~ 
I 6.:l 

I G.l 
. 5.8 

L 
99 G.OG 

100 6.30 
101 S.O 

--------- .-_.--- -_ .. -

I 6.1 ** I 

J __ ~~~ ___ J 

TJ-238' j---~;3!) ---j' 
--r-- ----i- -----

Fission 8-Mev i Therm~l I Fission 

Neutrons Neutrons I Neutrons Ncutron.~ 

5.0xlO- 6 11.2xlO-
4* I 

3.7xlO-
5 

12.2XIO=: I 
1.hl0- 4 0.001 4.1xlO 0.0011 I 

~:~~~~-'I ~:~~~~ I ~:~~~~-1 ~:~~~~ I 
0.00~8* 0.014 0.0026 0.011 

I 
0.0095 
0.019 

0.045 
0.088 
0.20 
0.10* 

0.85* 
0.80 
1.38" 
1. 90 
2.45 
2.9* 

:l.2'" 

0.026 
0.053 
0.096 
0.18 
0.35 
0.66 

1.02 
1.15 
1.9 

2.7 
:J.17 

3.7 
;L() 4.:1 

1.1 1.8 
4.85 5.2 
5.:1 5.15 
5.7* fiJ) 

b.8 5.7 
5.7 5.61 
5.7 ;-: C 
(L3* I ~~2** 
6.1 I G.4 
,).G 0.5 
--- ._.-_._._- --" 

2(1 

I 0.0049 
0.0090 

I 
I , 

! 
I 

0.016 
O.O:iO 
0.056 
n.l') 

n.l7 
0.28 
0.45 
0.7:l 

1.2 

1.!}* 

2.-1 
:1.0 
;3. 7 
1.(; 
- r. ;) .. ) 
!), fJ* 

:).7 
G. G of< _ A 

.)."r 

S.9-

0.025 
0.043 
o .07fi 
0.14 
0.23 
0.37 

0.60 
0.92 
1.15 

l.fJ 

2.4 

:3.0 
:l. 7 
1.4 
G.O 

I 
::;.1 
5.6 

I ;'.:1 I 

J G.O 
G.O 

I ~:~: J I (j.4 _. __ J_~!) __ _ 
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Tah1(' ?.:l (continued) 

(. UMU LAl'JVT>M ASS-CHAIN YIE LJ)S OF FTSf-;ION P!{ODllCTS 
(VALUES AH.E IN I'EHCFNT OF FISSIONS) 

Mass 
NUllll-""J' Thermal 

___ ~eut~ons* .. 
102 
103 
104 
105 
10n 
107 

108 
109 
110 
111 
112 
11:1 

114 

11" 
1 1(; 

117 
118 
1.]9 

120 
121 
122 
12:\ 
124 
12fi 

I 4 1 

3.0 
1.8 
0.90 
1l.:Hl 
0.19 

(O.OR") 
(O.O:)!) 

(0.020) 
(I). Ol;,) 

(0.01:\ ) 
(0.012) 

(0.011) 
0.0101 

(O.OHl)" 
(0.010) 
(0.010) 
(11. 01 1) 

(0. () 11) 
(n. (12) 

(0.0]3) 
(O.OI!) 
(0.017) 
o.o:n 

t 

I 

0.0% 
0.0,,:1**+ 

0.0:30 

0.022*** 
0.020"""'* 
0.018 

0.017 
0.017"''''* 
0.017" 
0.017 
l.017 

0.017 

0.018 
0.020 
0.022 

O.O:W 
0.0,,:\ 
(J.O!}G 

0.17 
0.:10 

O.C7 
0.:\2'" 
0.1!) 

0.073 
0.046'" 
0.01:l 

0.041 
n.040"" 
O.G3!) 

0.039 
O. Oil 0 h 

C.011 

0.042 
0.044 
O.04G 

0.0,,0 
0.OG5 
0.072 

0.70 
0.48 
O.3:! 
0.2;, . "' .. 

O.!!) 

0.17 

0.16 
O.IS"''''' 

Q,}4 !, 

0.14 
0.14 

O.lG 
0.16 
O.l7 
0.19 
0.2:3 
0.3:1 

0.'18 

:l.0 

)." * 
n.n,; 

0.27* 
0.10* 

0.04(, 

0.0111" 
0.0:19 
O.O:IH 

QJlJ.§" 
0.0:30 

0.041 
0.014* 
0.047 
0.0,,2 
O.O!)fl 

0.0'12' 

n.17;' 

O.:W" 

I 12H 
129 

I 

(O.()~)fl) 

10.1-1;') 

0.:17 

0.90 
2 () 

I 
I 
I 

0.% 
1.7 
:~. ~) 

0.175 
O.:W 
0.77 
lAil 

2." 
:l.2 ,. 

'

I 0.70 
1.0 

1

1.;' 

I 0.77 

1

1 A" 

l ___ J (S.BH) 
.. ___ I ___ •. _..J. __ 

2.2 
:1.2 

.... _ ... 1. __ .. __ _ ___ J . 

2.;' 
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O.R1 
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0.11\ ". 

O.ODO 
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Table 2.:1 (continued) 

Cl1lVllll .. AT1VE MASR-CHAIN YH; LDS OF FISSION PRODUCTS 
(VA LUES ARE IN PEHCENT OF FISSIONS) 

~N'--u~-;-~-s-r---'I--T-h-e-r-m-a--lu---1-3-5-F-is'-S-i-O-ll--r--F-j--S-S-io-:-J---Z, 3-8--8_-J\'T-e-~-·~--'-I-~-·--I .• c·-.r-m-a-i:-~--r-2;j--D-i-";-~-S-io-n-'~I 
, Net!tr()n-::* N,mj,rons Neutrons I Neutrons I Neutrons Ncutrolls 

I II I,' l~'-~i 

I 
I 

I 
I ,_. 

132 
133 
134 
135 
136 
.Uil 

138 
139 
140 
141 
142 
14:1 

14'1 

14G 
J 41, 

147 
148 
149 

1,,0 

I" 1 
152 
1;'3 
1,,4 
1:'5 

(4.31) I 4.3 4.7* 4.4 b.O '1.6 
(13.48) I (>'1 5.5* 3.4 I 5.27'" 4.9 I 
(7.80) I 7,3 6.6* 6.5 I [i.69'" ;>.2 \ 
(6.40) G.;] fLO* G.9 ! 5.53* 5.1 I 
(l).3(~) I, () 4, ,).9* 5.8 :;.06* G.3 \ 

{6.05; ( (;:n I ~'.:! !},)'\!i !, ;34"' (j.4~ 

5.74 I G 7 I 6.4 5.~) 5.:> 5.4 
(H.:31o) I 6:4 (;.5 (;.0 5.7* 5.2 
G.44 \ 6.4 I 5.7* 5.6 5.(;8* G.O* 

(G.30) I n.3 5.7 5.r; :>.2* 4.7 

~~::~~; I ~:~ I' ~:~ ~:~7 ~::=~* ~:~ 
5.13'1 1 5.1.... 'l.ll'" 4.:1*" I 5.2H'" 1.H 
3.95 I 4.2 I.>. , :l. 7 -1.24" 4 .4 
3.07 I :l.3 I 3.1 :>.171 I :l.;):l~ :L7 

2.38 (2.:;** )' 2.G*' 2.7** 2.n2* ;LO 
1.70 11.H!; ?.O 2.27 I ~.28* 2.:j(i 

1.1:1 I 1.:1"'* l.4G 1.9** I 1.7" l.R(; 

0.67 
0.45 
0.28:' 

0.1" 
0.077 
O.O:3:l 

\ 
1, (I.HO 1.0" 1.15 1.:18~ 

i 

O.GO 0.74 1.02 l.OR 
0.:11 O.GO O.GI) (U~:l-

I 0.1 f)u 0.:32 0.'11'" 0.:'2 
10.09(; O.l!! 0.2;; 0.:~2" 

O.O'IR 0.11 O.lG 0.20 

I 

l.H; 
O. \)2 

O.GO 

0.:;7 
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Table 2.3 (concluded) 

CUMULATIVE MASS-CHAIN i'IE:;:nS OF FISSION PRODUCTS 
(VALUES ARE IN PERCENT OF FISSIONS) 

r---. P-U-Z3-;--=l , U-2::l5 U-238 

I . Mass I 

~ NU:be~_1 
Thermal Fission Fission 8-Mev ! Thermal I Fission 
Neutrons* Neutrons Neutrons Neutrons Neutrons j Neutrons 

_ .1. __ . 

G.014 0.023** 0.066* 0.092** 0.12* I 0.14 15li t 

157 0.0078 0.012 0.034 0.057 0.064 I 0.075 
158 0.002 0.0062 0.016 0.032 0.034 ! 0.043 
159 0.00107 0.0034** 0.0090** 0.01'/** 0.020**** 0.025 
160 3.5x10- 1 0.0012 0.0036 0.0085 0.0092 

1
0

.
011 

161 7.6xl0- 5 4.6xlO-·1** 9,4x10-'1 0.0044** o,OO3R**** 0.0051 

*Scymour Kateoff, J"ission-Product Yieids From U, Th and Pu, 
Nucleonics, Vol. 16, Nc. 4, p. 78-85 (1958). 

J_ 

**L.R. Bunney, E. M. Scadden, J. O. Ab:ddm, and N. E. Baliou, B,adiO­
chemical Studies of the Fast Neutron Fi.~f'lion of U-2:i5 and U-238, 
Second UN InLi.irnational Conference on the Peaceful Uses of Atomic 
Energy, A/Conf. 15/P/643, USA, June 1958. 

';"';"';'G. P. Ford, J. S. Gilmore, el a1., Fission Yields, U.DC-3083, 1958. 

****1.. R. Bunney, E. M. Scadden, J. O. Abriam, and N. E. Ballou, Fission 
Yields in Neutron Fission of PU-23liJ. USNRDL-TR-268. 1958, UncI.' 

a. Pan:nth(,,1es indicat.e estimat.ed values or where Katcoff's vu.lue was 
altered in order to adjust the yieldS to a gross sum of 100 in each peak. 

b. Line indicates divisic,n cf two pcnks that was used for incih-idual peak SUIns. 



Figure 2.2 
THIN SECTION AND RADIOGRAPH OF A FALlOUl PARTiCLE FROM A SMAlL.-YIELD 
SURFACE SHOT AT THE NEVADA TEST SITE'. THE PARTICLE IS A TRANSPARENT 

'MINi::RAL GRAiNS. THE RADiOACTfViT"T [S DiS1RiBiJ1L D iRREGwL~.RL'r' l;-l.ROi.X:;;-iO~T 
THE GL A.SS PHASE OF HIE F'ART:CLE 



if'iS"Te 23 
THIN SECTION AND RADIOGRAP·"; r:'C A.tw A.t.JGULA~ FALLD!), PA.RT;CLE I'?DM A. 

;\S COMPOSED ALMOST EN1\~fL 'f 01= [t>LC1UW: ! .. r~!:'RDX!D= \'W,H ~ -;-H:!~ 0iJiE~ i..A·d~;: 
'Of CALCIUM CARBONATE .. THE RADiOACTiViTV HAS COLLECTED DN ThE S;';PFACE 
AND rlA.S DiFFUSED A SHORT DISTANCE INTO THE PARTICLE 
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Figure 2.6 
TWO FALLOUT PARTICLES FROM A TOWER SHD, A.T THE NEVADA IES"T SITE. "THE 
PARTICLE ON THE LEFT iSA. PERFFCT SPHERE WITH A HIGHLY GLOSSY SURFACE; 
THE ONE ON THE RIGHT HAS MANY PARTIAll Y-ASSIMllATED SMAllER SPHERES 
ATTACHED TO ITS SURFACE. BOTH PARTiCLES AR~ BLACK AND WtAC,NEl"IC AND 
HAVE A SUPERFICIAL METALLIC APPEARANCE. THE INTERIOR STRUCTURE OF 
THIS TYPE OF PARTICLE is SHOWN IN FIGURE 2.7 
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Figure 2.7 
THIN SECTION AND RADIOGRAPH OF A FALLOUT PARTICLE FROM A MODERA1E-YIE:LD 
TOWER SHOT AT THE NEVADA TEST SITE. THiS PARTICLE IS COMPOSED OF A 
TRANSPARENT GLASS CORE WITH A DARKL Y COLORED IRON OXIDE GLASS OUTER 
ZONE. MOST OF THE RADIOACTIVITY IS CONCENTRATED IN THE OUTER ZONE 

I 



Figure 2.10 
PHOTOMiCROGRAPH OF A ,-"C!JoI)MATE REAGENT FILM OF AN INDIVIDUAL LIQUID 
FALLOUT PARTICLE FROM A LARGE-. ;;:~,..., BARGE SHOT AT THE ENIWETOK PROVING 
GROLIND. THE SOLUBLE CHLORIDE IN THE DROt-' • ::" REACTED WITH THE REAGENl 
FILM, FORMiNG A WHITE CIRCULAR AREA iNDICATING THE A .. ~:JIJNT OF CHLORIDE IN 
THE DROP. THE AREA OF THE CH,TRAL ELLiPilCAL TRACE COVERiO: ~y SMALL 
SOLID PARTICLES IS A MEA5UI-<t: OF THE WA TER COfHENT OF THE DROP. TH£: 
SOLIDS IN THE CENTER ARE SMALL SPHERES FORMED BY THE CONDENSATION OF 
THE VAPORIZED BARGE AND BALLAST MATERIALS 

4h 
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The particle thin-section analyses, although givin{J; much information 
on the str'uctures of fallnut p~rticlcs and on the ·"V(.iY they arE: fUiii1(;J, givt': iJu 
quantitative daLa on the radio-chemical compositioi1 of the particles, and only 
a limited amount of unclassified information is available from radio-chemical 
analyses of fallout particles _ The first information of this kind was reported 
by Kimura~3 et aI, who presented analyses of the fallout from &'hot Bravo, 
detonated on March 1, 1954 The fallout for these analyses contaminated the 
Japanese boat No.5 Fukuryu Maru. Some of the particles, called ashes or dust 
because of the white color of calcium carbonate or hydroxide, were col1f:cted by 
the crew of the ship who carried the reaterial back to the Japanese mainland 
where the analyses were made. 

in the report, Kimura chose to refer his data to the thermal­
neutron fission of Pu-239. The data \.vere reanalyzed on the basis of 8-Mev 
neutron fission of U-238 becau:se of the reported high :::bundance of the nuclide, 
U-~37, presumably produced by a (n, 2n) reaction on V-238. In this instance, 
the Pu-239 was presumably produced by a (n,-I ) reaction on V-238 in which 
the initial product, li-239, had, to a great degree, decayed to Np-239 and then 
to Pu-239 by the time of the analyses. Kimura's data are compared with the 
calculated activities for V-238 fission at D .;. 25 (25 days after detonation) and 
summarized in Table 2.4. The ratios of the observed percentages to those 
calculated for the rare earth nuclides. Y-91 and Nb-95, are greater than one, 
It is clel<r that the percentage of fission product activity missing is g-reater than 
tne 17.45 percent unaccounted for in the sarnple analyses, To check the reality 
of the high yield for Nd-147 and the low yield for Ce-141. the two ion-exchange 
elution curves given by Kimura for the rare earth nuclides at D + 40 were 
integrated. giving the following percentages: Y-91, 18-21 percent; Pm-147, 
Nd-147, 3-12 percent: pr-143, 15-30 percent; and Ce-141. Ce-144, Pr-144. 
·10-50 percent. These values agree with the calculated percentages of Y-91, 
21 percent; Nd- 14 7 10 percent; Pr-143. 25 percent: and Ce-141, Ce-144. 
n"--1-14 _ 45 percent, at D ... 40. Thus it was concluded that the ratios 0 83 and 
2.06 in Table 2.4, for Cl:-l'fl ~HiC: ~:~ 1J.7 respectively, do not indieate a 
depletion of Ce- 141 and an enrichment of Nd-147 

Assuming that the rare earth clements. yttrium, zirconium. and 
niobium are ill the correct ratios for 1:-238 fission, their gross contribution to 
the activity may be used as a basi::; for estirnating thc relative depletion or 
enrichment of other fission-product nuclides, The data of Dolles and Ballou 2 

for c- 23 5 fiSSion product!:; (with adjustment to the fission yields of Table 203) 
were used to calculate the percentage of ~ctivity at D + 25 for C-238 fission with 
8-J\Iev neutron", The indicated unfractionated nuclides contribute 46.U percent 
of the beta activity. whereas the observed percentage was 65,0 percent: hence 
only 72 pereent of the normal fission-product mixtnre activity must have been 
present in the sampie The remaining: 28 percent was then either with anothur 
group vf particl&s or did nut condense all any large fa110dt particles. 
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The ion exchange elution curves reported by Kimura for a gross 
s::l.m.pl~ on D + 20 to 22 were also integrated and adjusted to the percentages !)f 
the total activity lying under the curve at D + 21. The results are given in 
Table 2.5, along with the data from Table 2.4 for comparison. In this case, the 
observed percentage for the rare earth (yttrium, zirconi.um, and niobium) 
nuclides is 65.4 perccnt and the calculated fraction is 43.4 percent; this indicates 
that, at D + 21, 66 percent of the total activity of the normal mixture was present 
in the sample. The percentages at the two times differ a little; they would, of 
course, be expected to change with time. 

The estimated fractionation numbers, ro(A), given in Table 2.6 for 
various nuciidcs in the fallout were cmnptled from the data of -rabies 2.4 and 
2.5 and other sources as noted. In addition to the rare gas elements and their 
daughter products, the important elemp.nts in the fallout that were depleted 
include Ru, Te, and I. Other elements undoubtedly were also fractionated but are 
not listed because they would not contribute significant amounts of activity at 
D + 21 and D + 25. The summed beta activity for the unfractionated mixture 
of activities l3t D + 25 is 7.61xlO'"l! disintegrations per ''''eond (d/s) per fission. 
Since only 72 percent at this amount is presf'nt in the fallout sample, the 
equivalent beta activity at D + 25 is 5.49xlO- a d/ s per fission. 

Pu-239, with a 24,360-year half-life and formed from the decay of 
U-239 and Np-239, has a decay rate (II;\.) vaIU'~ of 1.Ux] 012 atoms of Pu -239 per 
dl s. At D + 2 5, t~i':: !'eported ratio of the Pu-239 activity to the fission product 
activity is 5.0xl(ff;. The product of these values gives 0.3 atoms Pu-239 per 
fission. This is essentially equal to the number of U-239 atoms formed at zero 
timp. , 

The ratio of the activity of the U-237 to the fission products at 
D + 25 is given aH 20/80. For the 6.75-day half-life, 1/}" is 8.42xl05 atoms 
U-237 per dis; hence the reiative capture number, C, is 

C(237)= (20/RO)xR.42 x 10° x 5.49xl0-s/exp r~~~3x251 6.75 
- -

(2.1) 

= 0.15 atems/fission 

Since the alpha-counting technique and sPflaration methods might 
result in low vaLues of Pu-239 activity relative to the total, thc yield of U-239 
(or Pu-239) in the sample could well have been largcr than 0.3 atoms per 
fission. For a broad energy band of neutrons centering at about 8- Mev, the 
yield from a (n, y') reaction on U -238 could be as much as 5 times the yield of 
thc (n, 2n) reaction. 
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Sl';\lI\IAHY OF ,,;STfMA'!'FD FHACTIONATI(lN NPl\IBEHS 

F()H BJ-:TA-EMITTINf} NITLIDI-:S IN COHAL !'"ALLot·'!' 
FHOM NO.!) H,,,.{IIlY{l i\JAHt' AT f)1?1 AnD 1)-12;' 

L--·----- --;~a~!~;(~~a~~~~ Numhel', ro(A) 

( .-Nuc ~ i~e --, ~-ote 1 ~:~: r-~~;l~~-l 
I-~;~HG'--'-'Ij-I .. -t(~);·-- I (0) i 

8r-89 ! 0.27 0.22 
Sl'-HO I 0.27 0.:34 
Y -!)o I i 0.27 O.:l1 

y -~Jl \' ! 1.0 1.0 
Zr-!)f) 1.0 1.0 

Nb-!)f) I 1. 0 1. 0 

Mo!!.99 1 (1.0) (1.0) 

Hu-l O~l l (1.0) (1. P) 

Hu-lOn 2 0.14 0.41 
Hh-!O(j 2 O.I<! 0.'1 I 
Ag-lll 1 (l.O) (1.1» 

Cd j -11!~ 

Cd:. -11:, 
In-ll H 
Sn-12:1 

Sn-J2G 

Sl,-.L27 
T,'-l:n 
'1'('-] 2!J 
T('-l:~'l 

.L 

.1 

1 
1 

1 
1 
~ 

2 

1-1:31 2 
[-1:12 2 

1

\ X('-I:3:1 1 
C~-l:~1 :1 
1>:1-1,10 
T .., • " 

I 
,., ,.," 
Cp- J·41 

Ce-J·j.J 

l._~~~I_:l_!_ .. __ . 

(1. 0) 
( 1.0) 

( (1. 0) 

I (1.0) 
I (1.0) 

I 

( 1.0) 
(1.0) 

(1. n) 

0.0!) 

o.O() 

o.os 
O. (Hi 

(0) 

(lAO 

1.() 
1.0 
1.() 

( i.O) 
(1.(1) 

(1. 0) 

( I. 0) 
( 1. 0) 

< 1. 0) 
(1.0) 

( 1. 0) 

o.:n 
(I. 1 ~l 

0.24 
O.l !J 

(0) 

0.2:1 
O.:)!) 

\1 •• );, 

l.0 
1 _ () 

1.0 

Selected 
V:l1uc 

o 
0.22 
0.:1-1 

0.:l'1 
1.0 
1.0 
1.0 
1.0 

1.0 
0.·11 
OAI 
1.0 
1.0 

1.0 

1.0 

1.0 
1.0 
IJI 
1.0 
1.0 
0.27 
0.1\) 

O.~4 

O_I!) 

(l 

(). :~:~ 

0.·/0 

\I. ,t " 

I . () 
! .0 

-I 

] . n i 
.-----l 



Rtl"1I\1AI{Y OF ESTIMATED FHACTIONAT!ON Nl'!\1HJ-:HS 

1"01{ BFTA-l:MITTING N{lC LIl)VS IN COIlAL FA L].OFI' 
FHOM NO. ;; FUKllHYtl :\-lAm; AT ()+~1 AND j)'12ii 

Nuclide 

1----. 
147 

-147 
Nd­

Pm 

Sm 
Sm 
Eu­
J~t1-

-1;;1 
-] :);, 

1!)!) 

·1 ;;(j 

i 

I 
I 

I 

L 

1.0 
1.0 
1.0 
1.0 

1.0 
1.0 

I 

1.0 
1.0 
1.0 I.0J 
::~ ----

1.0 
.1 • () 
J.() 
J.() 
J.() 
1.0 

Note 1; Estimated 

Note 2: Estimated from io:, exehang(' elution peak 

activity !H'!'Centag(' and fl'OIll riata of S('{,t ion 
2.H, giving til(' relativ(' r",,,,tjonl-'; ('on<i('lls('rI 

01 mass IHll1lhc1.'s 1:1~, ];11, 12!l, :ll1d lO(i, ,'(,11-

sid('l"ed to il(' in til(' ratio Df I : 1.;1 . 1,·1 : ~.2. 

Note ;1: "'I'om a plot of !'" (A) VCI'SlIS the half-li!"t' or 
1':1 r'c-g'a~ JH'('CUl'H01"S. 
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It may \)(, l1otp<i that, at J) I 2G, til(' 1"I,lali\ ... :l<'li\'i(\ "I' ;)(i,h","' 
Np-23D is 2.0nxlO-!) dis pCI' atom of \', Z:l!l PI'<)till('('d Jlliliall,\', and fOl' (i,/:) ,day 
U-2a7 it is H.l:3x]O-a dis p(~r atom of (:-2:37. Thus, ('\'('n at a G-,to-l yidd 
ratio, the activity of the Np-2:m at D I 25 would \)(' only I/S of till' 11..2:17 :1('li"itv 

and would he difficult to detcct, The facto)' of G would f.!h'(, a captul'(' IJlImbc')', 

C(2:19), value of 0,7,=, atoms PPl" fission, 

The second set of unclassified data on the rftdhwl ... rnical (."!I1tcnt of 
radioactive pal'ticles was reported hy Mackin and coworkers at NHDLf1 TI](' 
Earnple particles W('I'C obtained from detonations on coral islands at til<' Enh\·(>tok 

Provin~ (}rounds i,l 19fi{L Tn fhi~ t:":~SI?, analyses !1!.~ m[!d{~ fnr only ~t f~~\·\· 

radinnndides: Mo-!'l!), ST-I'l!J, R:l- J40, ;l!ld Np .. 2:>,!I, Ho",-,vcr, I'C- Np-2;;G <:la", 
are reported, In addition, the gross activi~y of the pa!'lides iR nH'asllr('d hy 
using u well-crystal (We) N~,l(Tl) scintillation counter and a 4TT hig-h-pr<'SHlIJ'<' 

argon gas (at a pressure of GOO psig) g-alllma ionization ehaml)('r,?5 

M::ny of the pa)"ticlcs weI'£' wcighc-d so that. sp('cific aetiviti!,f; could 

he determinpd, and some data on gro"f; samples WCI'(, obtaiJl!'d, The !\1o-!)!1 

raclionuclicic was ut.ili:;:,cd as the "fis~..,i()il" tl'1H;t'l' with Ihe assumcd yield of (i,] 

percent: thiR yield valut' is sufficiently close to the yil'ld f()l' thc H .. Mpv nputroll 
fission of li-Z:lH that no ad.iu~;tl11cnt of th£' reported valll<'s waf; J'('qu ired, :iOI1l{, 

of the data are slll11lllariz('d ill Table 2,7. The pal'1.iclP t,vpe dpsigTlations "alt.!'I"('d" 

and "unaltc n~d" used hy the autho rs have /;('('n ehang('d to "fus(,d" particl (Os and 

"irregulal"" partieJes as til{' first clasRification of t.he pn)'ticll's as tiw /'iI'St 
classification of the particlp typ,.' "inc!' the tilin-s('ction analys('s showed that 
most of Ihe i ITl'gular pal'tiel('s have h(''.'!! calcinC'd, 

Rl'C:lus{' of analytical J'cquil'('I)1t'nts, ollly til<.' f))on' highly I'adio-

an' appJieabl(' only t.o a d(,scl'ipUnn oi the lal'g('" particle;;, 11(,\\,('\'('1', (,\,,'/1 wiih 

fJ:is bi:'t-), tilL: n.'stdls flr(' useful in iiiust.rating' the po:-;~ihj{, I~nng(' In \'aiu(\s of 

all tht' ll1('aslIl'<'d quantities, 

The cOlll1t.illg .. rnl(' and iOI1-"lIITl'l1t IlH':lSllJ't'J11<'I1I,.; w .. n' ('O'Tl'ell'd II, 

11+70 hours l)('fo}'(' th(, appal'('1l1 :I\'('I'ag(' ioni,,:tli(}n 1':l1l''';, We-I":I('" 1"'" fis,.;io", 

iOI1 CllIT(,llt 1'<.'" fj,.;sioll, and I!lc' "'I'l'('ifi(' ioniz:ltiol1 ,':,1(' \\,('1'(' ('llI1lpuler!, '1'1;(' 

decay corl'('clioll"; for lill' \VC IlIC:I";lI!'('Il1"IlI" \\'('J'(' ohl:liJH'd fn)!)) Ih(, J"'P<:rletl 

d('c:l.Y Clll'\"f'<";; 1'11)' tl1(, l\\'!~ tyP{'~~ of p:1rtii':c,s, the ii)iliz~liiun l';I1~' d('('a," IT'l·I'':'i.:ii{)!1~ . 

.. \('1'(' ol>I:lillcd f,'olll lIn}Jllhli,.;lH'd d:,t:l oil p:1 J'I il'I,',,; from Ihe ";:'I111' ,,(,t 'II "ampl(',.;, 

It is qllile lik('I.\' IIl:II (':ll'h parI i('I(' had it" own eI('(,:I.\' I,,,tl', cliff""i!!!.!: to ;';0 Ill(' 
·.\·j111 :i ,-illl)"lf' 

type of d(,(,:1,\' l'UI'\'(', till' ('01')'( {'fiOI1"; to :! "nJ11!1101l tim(' :11'(' ()111\' :'PI,,'oxim:lt(', 

'l'hi' ·,";ii-;.if,iliiy (ll the ,';ltio ,)f til(' !\}/1 CU1','('111 t() th(' \VC ('nlln! r:ift' 

of!hl' :-;<.'t ()rp:l)·tj('l('~ is tll(' jil'~l indi(';l!lon (:!:1 ~!'(}:--::...:difr('J"('ill·t'in~ht l'{ !;diy" 

~!hund~'ilH'{'~: {)f tf't\ <'illitt(,d g:llll1n:l 1':1\:-' I)j diffcl'{"nl ~'ill'I'~il"-' h"rJl'(' ()f;\ 
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Ta"'el-.l~ 

.".. '.' !,:!~-,'.(_, ,.' '''I~ t\ CTU II\.: ATIt)N j, I; ivi B L l{:-) (n HADI( );'\ Ut; 1,If) ES jf\; FA L U iC';' 

FROM TOWEH AND nA LU)ON-SVPPOHTED DETONATIONS AT THE 
Nf:VADA Tr~S"f SITE 

r
' r ~ 

I 
II (!).'»" , 

" 

___ N_U_C_I_id_e ___ . _____ ~~~=-------·..,1~·-o-w--e-. q---',.-_- B,~lIoon --1 
Sr-89 I 0.32 I 1.;; I 
Sr-90 (I.G" I 
Y-fJl 1-4 2 ,'I 

~ _______ :_:_~_~ __ !i_~_:_:_:4_~_) ________ ~ ___________ 1_;_;_:, __ _LI __ i:j _____ J 
;\. He\;.tive to the yields for thr.rmal neutron fissioij of l]-2:1;'. 

Table 2.13 

GROSS SOLUBILITY OF ACTTVrTY FHOM SMALL FALLOUT FAI1TICLES 

Per\:ent Activitv Soluble' 
Type of Detonation in H.,O in (l.IN Bel 

---------+-----. -.. - ----.... -.. 
'llmlergruun<l 
Towcr- Mounted 

5.4 
2 

25 
14 to 

., 
1·~ r.o 
31 90 I' HalloDn-Supported I 

_____ iL--1 ---'----_ 

a(j 

Particle ~i"C I 
(microns) 

0-44 
0-4/! 

/'!'l--C;J. 1 no I 
_J __ ~';~~a "_~_ 

H. Based on bela count-I'ate IIlf,aHuremcnts (pr'l'SlIT11ahly at about ~ week" 
after detonalloni. 

than were conoE'nsed in this mann~'r in i.\w towel' detnnation. The hij..;hel' 
solubility of the activity in acid, cspeciaily for' the ~tir bu.,.;1 fallout, rna:> 1)(, 
partially nuc to dissolution of the primal'\' iron oxide or alumina partic:les, 
Howpvcr, the vcry hi~h solubility in rY_Hh watel' and aeirl 01 till' l-arll<)~l.CtlVl\y 
on thc iarg-cr particles from the air hUl'st sugg£'sts Hlmos! (',"npi£'i(' sur'fact' 
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OHOSS SOLtTBlLITY OF ACTIVITY FltO ... l S'I1ALL FALLOIH 
PAHTICLES LOJ)(;F:D ON PJ-A~T FOLIAGE 

I 

Plant Type 
,Distance From 

Ground Zero 
(miles) 

1, Shot Apple I (14 KT on 500 ft. Tower) -
i -.-

Artemisia (Sagebrush) I 12 
Ephedra (Mormon tea hush) 40 
Ephedra (Mormon tea hush; 80 
Juniperus (Juniper) 165 

Fractinn DisRolved a 

in 
I),IN BeL 

0.20 
0.27 
0.15 
0.32 

Average: 0.24 

2. 

Larrea (CreoRote bush) 
Larrea (Creosot.e bush) 
"'\1cdieago (Alfaifa) 

I 
Triticum (wheat) 

. Triticum (wheat) I TrlU=m (wh •. "" 

3. 

Shot Met (22 KT OD 400 ft. Tower) 

20 ----r 
58 

140 I 
Average: 

Shot Apple iI (29 KT on 5 no ft. Tower) 

7 
40 

106 
Average: 

a. Based on het:l ('onnt-ratE' TI')eaStlrenlents. 

0.26 
0.08 
0.14 
O.W 

I 
! 

0.19----1 

0.1; I 
0.24 j 

,. 



weathering fado!" of 1).4 dllr, to the first hr'!tvy i'aim; 10 tn 21) da,\'s al!','!' tl;i iirst 
detonatioll, apparently by comparison with Hn inappn;priat(, ri(T;!V eli'i'Ve, This 
misinterpretatIon has also heen noted by Knapp::" in difH~Ussi()nf; cf this suhject. 

Experimental measurements reportpd by ;\1iJ!er and Heitemcicr In on sol­
uble radionudides riep(JHited on soils through which water has pass!'d gave an 
average leaching depth, for ~r·89, (,I' 1),7" ineh aftr'!' p:lssinl; :lO inches of w:1tpr, 
and 1.:; inches afle r passing :; 00 iuchcH of \vate 1'. rrhc rnovernc-nt of t.' s -1:17 is 

found to be only ().2;' inch after passage of ;J()O inches oi watt'r, en'n in sandy 
soiL Larson and Ncefe report penetrations up to 0,;) inch after the passage of 
84 inches of water; the source of the activity used in the expE'rilllPnts was not 
sp~l;.ificd. 

These data show that the soluble radionuclides, in almost all ('ases, woulrl 
be absorbed by the top inch or two of soil partici<'s anrl remain t1l1'rf' tlniess the 
",hoi"! layer eroded away in heavy rains. nut even in this case the nuclides wOlllrl 
remain attached to the particles; the fraction of the nudidc soluhle in wate)' in 
such conditions would be negligibly small. Thc studies of Thornthwaite, Mather, 
and Nakamura,l1 show Ihai many rain cycles would Ix: needed 10 transport the 
activity f:lrt,hf'r lh(ln ,..hout two inches I>('low the sur/act' of the soiL Since most 
of the radioactivity on the larger fallout p:lliicles would Iw fused into the 
particles, the only way it could movl' into the soil is hy meclwnical mixing, as 
occurs in the plowing or discing of agricultural lands, 

The translocation of fallout particks on land an'as hy wind O('<:UI'S to n 
small degl'ce. The experience in the ]\;e\':l£h Te:;\ Site, (umkr dry cGm!i!.ions) 
where e~;(,lln;ions in the fallout area wen' made by t>xpl'I'inH'ntal cn~ws tu 
recover hllout samples, was that, fo), entries during the fi rst day after a detona­
tion, clothes became contaminated with slllall fallout p'lI'f.icles due to the stir­
ring UfJ ol ~urfal~t" dll::;L~ aud IH'uoiliHg ;q.,;aiu!,,-;l tlc:-,el L }jl;:tJJt~, iJltL tiIt1!, fOJ t_~ntrh:b 

after the s('coml day or so, only the bottom parts of shoes (or booties) pkkcd u~ 
fallout particles. Apparently the small pal'ticles IJPcome adsol'bed or physically 
attached to larger p3rtiC'ies, or othcnvise hpcome me('ha'1i<'all,v trapppd bv the 
surface soil grainH. 

MO\'C'J1lent of large particles by the wind is usually small h{'('ause til(' 

l::u'gCl' gravity force !'etards such 11l0vPI1lpnL However, pal'liclt's in fhl! size 
range of aLoui 100 to :1(10 microns drill rl1()re easiiy ihan pat-iit-jes of oLlie,- dia­

meters if the surf;lep \.\·ind speed is in e:~ce3.s of alJout 10 'Ilph. Tht:":--)t.: paJ~ticlefj, 

if ~is!ocn.tcd, n1~y (",:lr?~r \'.'ith t.h~~m sn~:l!! att~f'ht.'d fallout p:u't~cl('~;. 1)::t:1. f:~f)rn 

experiments at Camp Parks, California, reported by Sartor and Owens" in 
which partic-ics wit h dianl<'ters fl'OIll l~, 0 to :lOO 111 i ('rons (tagged with Ba( I ~'1)- H O} 
were depo,:;ite(\ on varim.s tvpes of SlIl'rae('S showed that til(' 1110\'L'IlH'nt or th{' 
particles on unpaved an'as and on tal' :llld gl'a\'l~l roofs is insigllifit'ant, (,\'l.'n for 
wincl sPC'f'(\s up to 2(l mph, The movement of the pal't it'll'S on and from pa,,'ed 

! 

I 

I 

I 
I 

I 
I 



areas is found to be quite large; the particles apparently moved in the' wind by 
hopping and by rolling over the smooth surface:;, aWliJugh very f<>w particles 
were raised higher than 3 or 4 inches. They did not jump over curbs but were 
deposited along the gutters and in dept·essions and behind iowobstructions. 

Thc fraction of the original ionization rate remaining, as meBsured in 
the center of a sirt'et aud in the center of a rather large area of asphaltic eOI1-

crete, i5 plottc.·d ii: .Figure 2.11 as a function of inc toted ·\-'!iIld vector (including 
ol)ly winds in c;;:cpss of 10 mph) that occurred over a ten -day period. Further 
data of this kind on other particle sizes are needed to establish whether the 
data of Figu:re 2.14 arc representative of the reductions that could occur 
generally in the ionization rate at iocaUons 01 interest. The reduction In the 
ionization rate for both areas in the first four days (wirx:l vector ot 200 miles) 
was equivalent to a decontamination of about 50 percent; some of this, of 
C01!rse. was duc to shielding, since the particles concentrated in surface 
depressions and along barriers. 

2.6 The Collection and Retention of Fn.llout Particles by Plant },ol~ 

Some of the data obtained at weapons' test:;: on the collection and 
retention of fallout particles by foliage are reported by Romney, Lindberg. 
Hawthorne, Bystrom, ancl I~ar'son.3:! Th~ir stated findings, with respect to the 
ability of the out.er surface of leaves to trap and retain fallout particles. 
were that thc sl7..e-range of particles lodged on the foliage was predominately 
less than 100 microns in diameter and that the best correlations of the am(1)tll. 
of activity (beta cOtult-rate) on the foliage was with the fl'action of the total 
activity carried by particles having diameters less than 44 microns that landed 
at lhe same location. These two findings suggest that the foliage of JTI0"lt plants 
is selective in trapping only the smallnr sizes of fallout partides. Some of the 
reported data are given in Table 2.15, as converted f1 >m curie units at H+12 to 
the equivalent number of fissions by use of the factol', S.67x109 fissions/miero­
curie.:!G The median partick dlameters art: taken from the ploil"d particle-siz .. 
distributions in Figure 2.15. 

It is interesting that the median ptlrticle diameter iner!:!aseo with fallout 
arrival time up to arrival tiwes of 1 to ;; hours after detonation. However, 
since the data are for different plant "pecies, part of this increase also may 
be due to the plant spec ies selected for analysis. The spread of the distribu­
tions, however, t.end to deerease with lIme of fallout arrivai or with decn.·,u:;illg 
particle Size of the arriving faHot\t. The upper-limit partlele diameter cut off 
is fair'l~' sharp at diamei('rs larger than 88 microns, excepting for the bush­
mallow foliage sample. The higher rctc.ntion levels and larger particles 011 the 
bushmallow foliage i~: probable due to the high density of stellate hairs on the 
lea ves \vh lell \VOU Id serve to Ll-ciP and hold partie 1.:':3 ;,)~itu Lite surface. 
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figure 2.14 REDUCTlm~ IN THE IONIZA 1 ION RATE />.T THE CENll:~ Or' 101\-1 STREET /·.140 ,".1 THE 
CENTER OF THE PLAZA, CAMP PARKS, CALIFORNIA; AS ,t •. rUNCTiON OF TII[ WiND 
VECTOR ('>Um of Ihe products of wind "peed' tim.,,) FOR WINDS !N EXCESS OF 10 MPH OVER 
A lO .. DAY PERIOD. THE TAGG~D ?ARTICL ES ,VERE 150 TO 300 J~v1:CRO~~S rN DIAMETER 
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I>[lt" ol1lh,' coll('I'!i,") o! Ill<' t,ili",H I,',;!), ,\"pl.· II "hoI alld Silloky sh<)1 

towc,' d('l"nations hv Solll(, I"ot'agl' ('I'opS aI',' gi\"l'1l ill T'lhle :2.1fi. Th"I",';tctiolls 

of the lit'posit!'d falloul 1'('laim'" hy "('01 ('IOn'I' lin flals) ill<'I'e:ls('d with tillH' of 

fallout :tl'l'i\'al fl"llill :")illl! II I PI'IT('lIt :It 7 milt,s dllwnwind 1"1'0111 tht' APl'lt' II 

shot to ahout I Pl.'I'C(,nt at JWi mill'S :tW,ly. ""1I' \\'I".('[lt, 110" fra('ti"l1s l'l'I:IiI1f'd 

in{'I'l'as('ci from ahoul n.:! P~'I','<.'n( I" ahollt (i P('I'('{'I)i 0\'('1' Ih,' S:lI1l(' rang!' in 

dislance. The hl!dH.'sl fl';[cl;'.>I: ,'('Iained, "I" fL":-,I' rlnfn. was 1'0" allall"a I,,!iag"(' 

at 2,,!) mill'S away lI'om shol Smoky. The distl'ii>l1liol1s "I th(' a'~tivily on th(' 

fa\1out p:ll'ti('l"s that ",<'r('deposit('d HI 8(,Vt'I';;1 01" tlw localiol1s an' plott('d in 

Figu t"C 2.1(,;. 'l'hl~ values of the nH-dian di:1nlctCl'~-) dCCI"C':lSC \vith tin!c nT :l!:rival 
;lS w')l.tld he ('X!H,(,t..,d but f:hn sprt'ad of the val'ious activilv-siz(' distl'il)ulions 

HPfH.)Hr~~ t£.l h,) t'{)1I1~hl'y th(l Ramp in )oV~lrithrni(' units. in alJ IIH' cnll('ct.t'd R:un-­

pies. 

TIl!' Inajol' ('onelu>"itln fl'on) tht' data of Honrney and t'O\\'ol'kl'),;'; is ihn! 

tI](' t"ra('(jnn of tIl(' d<-'posill,d fallout eolll'cled and ,'l'tailwd bv folia~p if'. rathl'l' 

small i'V(~1l when the rliamt'ters of til(> al'l'ivil1~ pal'tiefeR an' smal: ('Ilough 10 

be t!'appcd by f"h(' hail'S and ,'(.'sinR on the leave's ThliS 1,lI'~1' t"('l'S and shnil)s 

cannot h(' conside,'(,d as significant. SOUITes of ";"liation wi1l'I'(, heavy fnllol1t 

d('"o~~t~ rl'\)rJi :(ijid surrace d(,t.onnti(in~ O('i"lir and 'where the pal'Ucie diailH~t.Pi·:~ 

are in excess of about :;0 rnierons. 

Then' are 110 good dat.a on til£' decontm:lination of fallout pa,'tie!es frolll 

foliage (n(~~I"eiillg dat.a on UH' v('ry rinp rnatl"'l'inl "j wol'id··wid" falloul). Horn·· 

n"y and ('o\\,o!'f«','s .".1 howe\,el'. do ,-pport data on tile d,'contamination of fallout 

partieks I,'olll folia~e; tlWS(' can he IIsed to indit'a!.(! at Il'ast Iht, UPIH'I' linlit of 

a def'ontarninatinll hya hpi/vV l':lin. The ),CSlllt.S of Ihe ('Xp('I'inH'nls. using thl' 

decontamination reagents wate]". () I normal lie I and C; Iw]'('cnt I-:])TA. a "(' ~:1I1ll 

mnri7..,d in Tahll' :>' . .17. Thl' wntcl' d,'c'on!aminatinn data would ht, mosl l"C'P!'P­

sentath'c of t.he decontanrinatioll Ihnl eould r'csldt in ~l Iwa\'y ,'ain. The d,'s(,.'1 

f()lia~e (h'contaminaic'd gE"ncral!y 10 l('v('ls iJpIW('l'l1 ahout :10 and ,10 Pt.'l','('nt "f 
the initial deposit. Ilow('\'(',-, the smooth-leaf anrnwi waH d,'{'olliHllIinal(,d i" 

2 !H'l'C'('llt and gl'()wing whl.'af was d('('onfaminni.<'d to niJo1.l1 20 1-'('I'<.'(,l1t 1)1 Ihe ini­

.iall<,\-"<.'I Th,' lal:l(,I' vnhlP should 1>(' 1'('P!'c'spnfali\"<' (\f mosl gl'ass-tYIH' i""liag(' 

'I'll<' fo)i:'h(' cnntaminati()n dala appl'ar' If) sho\\" thal all Iht, Iv:!n's ,,11 n 

plant ri'!aill ab,>!!1 thc same 1('\"('1 of ('oll!:ll1linaHtln nn all th" i"nliag('. II "X('(~P­

tion~; Ii> this l-a1l](',' nllifol'l11 di~;tl'ilJl1ti()n nn plant foii:lh"(' (':In ()(TII1'. t!w'y COIl<'{'i\' -

gl~(",.':th of gra::-..s, '''his intcrpl'l"'t:1tilJn of tht~ l"ont,tfJlill:iil\)Jl P)'(){'{'s:':: ;tl 1C':u:;l :lgl'('('S 

hptl<'l' ,',iIh the nhspt'\::lfiont-; th:ln a Pl'O(,CSS in \\'hi('h only the ('xp()~('d Slil fac('s 
of tlH' ('x/t'rint' !))'lIPP('I' l('~)\'('S :11'(, :1~:.sllrncd tn hp the onl,v {'oll('('ling st!l"fa('('s. 

'I'h{' U~(\ t)f the ;l~;-';Ulilp(illn of unifol'lll cont:ullinalillil ('d all the l~)liag(' on:l plant 

allo\,,'" "I)I'ITl:ttiol1 of !Iw 1;t!I"lli p~ll'ti('I(' I'('tpnlion rlala in 1('I'1l1S "I !hr' 1ll;)S" "I 

II", coll(,('ting' ("Ii:!) . .>;(' on:r plant The> cnrl'eialillil of Ih,' fallo"t 1",t;;il1"c! IH'i' ilnit 

R! 



of dry plant (leaf) mass with the loUd amount of iallout dp.posited :1t a location 

can then be usp.d to evaluatp. the internal radiological hazard from the intake of 

radionuclides in the fallout retained on foliage. To make the correlations, a 

foliage contanlination factor, aI,' is defined as the ratio of the number of fis­
sions per gram of dry plant (foliage) to the number of fissionfO of totn! fal!out 
p(!r sq. ft. of f>oil surface. If the plant or foliage surfac() density is rienncri 

as wI, in grams of dry foliage per sq. ft. of soil surface, the fraction of the 
fallout retained by foliage is 

U-L····· L 
(fissionsl £t2 on foliage) 

(fissions/ft 2 on soil) 

The denominator quantity. fissions/ft2 on soil is the total fallout rieposit 

uncorrected for the amount on the foliage. The va lue of wI, is a measure of 
the <tcnsity or plants growing on the bnd. 'Inc values of a L find ::i"L (fo. only 

particles with diameters kss than '11 mi<'rons) \'eported by Homncy and eo­
workers·T ' are given in Tanic 2. i8 lor native deseri.-type foiwgc. The in­
aepcnden('e of the values of a*L on distance from ground 7.<'ro is further 

evidence of the selectivity of the foliage in rctaining only the smaller particles. 
The high values of a * L for the fallout from i'ihots Met. Diahlo. and Shasta could 
be due eithcr to higher humidity (.'onriitions [lnd cal'ly post-shot plant colleetions 
or to the fnct ihat the fallout. from these rietonatiOlls eontflinf'd a faiJ'iy large 
fraction of t.he activity on part.icles wilh diameters iwtween ·H nnri 88 mierons 
whieh wen' retained by the folir.gc. 

]"'(~r g('ner~~J '-.!~(l, th'!'~ "nluc of ~! i. is r! ~~!}!"~~ !!Y:pr;-!'tn~t q~!:1ntity !h~n ~. JJ" 
The dependf'llce of the values of a L on several df'ton:ltion parameters and fur­
ther analysis or tlw data presented in this ~e('tion arc gi\'(~n in Chapter 6 in the 
form of fallo1.tt contour rat.io SC:t1i;lg functions. [n most of the data of Table 2.18, 
the values of ilL increase with dis~ance fl'(>111 ground 7.81'<), 

It W:\8 prc'.·iol\S!Y mentioned that, for tOo pereenl retention of til(' fallout 
ali cio\"(' [., tho pJ'odoll1 inance of the d i reet uptake pa th for aninwls pating con­
t:1nlinnt0'd ('IO'"C'T n~ighf J)0 on the ordC'!' of :LlOO to -,000 tin1~s g-!'f'H!er th!H1 th:1t 
of eating tH:.'\V c}o\"pr on ('ontnnlinatcd soil. }\OW0Yt~1~. for foli[lgf: conditions 
wtwre Ow \'alllc of :1I. is l.OxlO-:i anri wI, is 10, the fncior of predominance for 
thl' dirpct-uptnko path is J'o<illcpd to the order of :1;, to .,0. TilliS the direct­
uptnkp pflt.h, :It 10:15t for P:XP0<;lIl'P ti I1l(,S of n1.)0U!. :1 :';C:11', (':tn I1P pxpoc!pci to be 

the pre<iomin:lt ing SOlll'C(' of an intPI'Il:ll hazard to :lllimals and hUIll:1!ls aftC'r a 
nuc!(':ll' wa I' in ",hi .. ,,, land-·sul·fac(' ('~pl[)si()ns take \;lac('. 
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I 

T'\hle 2.1'" 

SUMMARY OF AVF.RAG{<;D FOLIAGE CONTAMINATION FACTORS FOH 
NATIVI': FOLTAGE EXPOSF.J) TO FALUHJT FHOM TOWER- AND 

BALU)ON. MOUNTED DETONATTONS AT THE NEVADA TEST SITE 

Shot 

Tesla, 1955 

Apple I, 1955 

Met. 1955 

Apple n, 1955 

Diable, 1.957 

40 
80 
20 
flO 

140 
7 

4A 
101; 

7 
Ai 

129 
154 
1130 

12 

15 
C) 11 
",v 

.-10 

O.!1Z'1 
0.355 
O.8Z3 
0.41,;, 
O.(;ZG 
2.31 
2.(;:) 

0.O()2 
0.720 
0.97 
4.:10 
2.2A 
5.12 
fi.20 
4.:30 
1. 91 
1. 7f1 
1.G:l 
r. 0<' 
'J.~" 

2.3(j 

2.0Z 
12.61 
lA.OO 

18.Z:! 
2.39 
2.32 
2.00 
5.00 
'I. '/.·i 

(iA2 
(iAn 
(i. Hi 

2.'3.Fl 
3!J.0 
17.8 

I Shasta, 1957 

(;2 

15 

12.9 
1 ,-r) .... )~ 
1.K7 

Ifi.!'i 
11.1; 

7.72 

Smoky, 1957 

41 
7G 

172 
4>' 
80 

100 

Dl 

2.Rt 
A.I0 
OAGO 

0.:373 
O.2;;\J 

s.()~ 

9.12 
2.91' 

2.,Q" 
-----~--- ---_ ... _--



Table 2.1R (concludC'd) 

I 3 
10 0L 

/riSRions/gm Of'\ 
Distance from ( dry plant 

Cround 7.:cro ~ I 
(miles) fissions/ft 2 Of/ 

total fallout 

Shot 

I 13C 0.529 

I 
158 

I 
i.4·0 

17fi 1.29 
206 

1 __ .. 
0.932 

a. Balloon-mounted detonation 

103 a':' l 
(fjSSionS/;~l 0)1 

dry plant 
-.---

I 

\

fiSSionS/ft2 of 
<44/1 fallout 

;';.7(; 

a.12 
2.90 
3.21'1 
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ChR.pf. f- f' :~ 

A THEHMODYNAMIC MODEL CF FALLCCT FnTC\1ATIO=" 

:3 1 The Condensation Process 

Thp P!'''3en t i'.11 f.!atl,res of the fallout fo,'ma.tion prO(;()!Mo deduced from the 
fi n:::il St r1)C t IJTC-S ('0 rnpositio!!s ~ D.!'!d gcn~ r~d P!'opeI'? iCB of f2!!O:.:t p:lrt1r 1(_~G .'1.[; 

described in Sections 2,3 and 2 <1 a'ce that 

1 Some por:inn of the T;Jdioactivc ci(!!lJCnts c(Ji,dcnses into liquid 

particles. 

2, Some portlOn condenses onto the surhc(' oj ";01 id furticles 

d. If J. i.imc limii, is placed or. the process. some Jraction oi SOIl1<', oj 
the radioactive dements '\ ill Iw stili in the vapor phase. 

l'>ren In the case where the bdk <:arrie!' is se;, '.I"i.tel:. thl' first two 
statements are valid for the f;J.llollt from ,] modentlr:'JY high--yicld d('tOD.lt ion 
ncar th" SCi) su.r)ucc,[,jncethc tempcr'itul'C! 01 llw drops at the aJtd,ude of the 
cloud, will at somc tiIllC fall below f!'l'c?ing, 

'rhc; general cOildensatjon pt"uee~)s C:ln be ~.L vidcd 1ll1,('o t\VG gi:ncT:d t'1 Hl(~ 
per-iorie. T\hc fir~::;t p.cY'iod of the r;.L"(;CCs.~ .:5 (,Lc:i_ tcte.i:il('d :.i.y' the il1··t:::~t.:;JI(:l' oj 

g',s nnd liquid phases nnd the '3ccond pvJ'iOll ))" I.he: e.' .. isle'1ce oj g':,,, and :';01id 
l,h,lS('S. The firs! l)('riod of cOlJdens'JLion ends '.vilert the hulk C:l! rif:1' par(icic:s 

solidify Ther:o is probably no l'cal precis{' ilistant ' . .1 '\ IlOCh this occur's 'n lhc, 
filel),)\] SlllC.~ l!'nlpeY'ature gradients in\lsl ee)'titin)'.' l'X1S\' lht' diH"n,nt-si7.CS 

of pqrticlcs ("ooi ::-~n<i s()~ldify at difh~rr.·pi. l:~~tes ~!.0.d tin'l·::s 

Ont: most important aspect. uf the condcnsallull of th~ )',tciioClCl.!vL' fi~;s;()n 

P!'Oduct3 ilHo tht..: liquid pilase i~ tli~lt th(· i'lssiOi"! jJJ"uduc'l C'ierrll.~lli.s and cOlnpou!,d~ 
,lr(' dJR,:;olvcri le) lol'm n \·ery dill,tc ~oltllioll rH)CCluse 01 Lhis dilu!i.(Jl1. the 
solution proct'S::'· (;,111 be treated with ll('gl(,ClOr(:~)sur'facc> s;.dur,:,tio'l dif'ctR <tnd 
(b) 1nU:-::tJ.(:i.l()ilS urnong the- various 1'.Hliu:Jeti.\'C' elt:nH:~llts in the: forrn:-liion of the 

~~olul ion 

\11 a gb~sy m,llrix I c .. l\f~\.'l' solidif1l:n~.ion, l.i,~: dis:;nlvl'd or COlYlpountl<:'d 

i i",.sio!1 prociL.cts SllOUlcl not h(> :Jblc tu escapc, \Vith (:Ol'lC('ltll'8l.ions of the' ()nkr 

U7 
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figure. 3.6 
GROSS AIR IONIZATION RATE fRACTIONATION NUMBER, r f ' RELATIVE TO THE 
IONIZATION RATE (in years) OF THE FISSWN PRODUCTS FROM THERMAL NEUTRON 
FISSION OF U-235, For~ THE FISS!ON PRODUCT MIXTURES FROM OTHfR FISSILE 
NUCLiDES AND NEUTRON ENERGI ES 

10 100 

"IME AFTER FISSION (VEARS) 

186 



Tht' 11+1 ionization ratus at ;, iect above an infinite smooth contaminntpri 
plane for a unit yield distril)Ution of fiSSIOn products per unit nrr'n ar<' 
summarizt'd in Tahle :3.18. The highest value is for thp thermal n('utron fission 

of U-2:1;,: the low~~st is for fission-neutron fi:;sion of Pu-2:1!). 

Table 3.18 

SlJMMAHY OF H+l IOf\IZATION RATES OF .NOitfvIA L FiSSION PHOI)l:CTS
a 

I 
~v 

c­
C­
Pu 

Pu 

pc of Fission 

235 (thermal) 
235 (fisskm) 
238 (8- 1\lev) 
-239 (therll1al; 
-239 (fission) 
---

I 
J 

.~ 

(H+l lonir.;ation Hate) 

(unit yield/unit area) 

(r/hr at 1 hr) (r/hr at 1 hr) 

(fiss/sq ft) "-(KT jsq-mD 

7.t;OxlO-1 :< I 3~50 

7.58xl0-13 I 3940 
o.94xl0-13 3610 
I). 7Ux 1 0-13 :l480 
6. 5·h 1 U-l:l 3400 

a. PCI' unit yield per unit area, for;j feet abovc an infinite smooth 
contu111inntcd plane. 

The same value, lA5xl0 23 fissions/ KT, was used to convert ail til(, ratio;'; 
fl'ol11 fissions to kilotons. The COI'J'c!.;ponuing ionization rate factor derived 
from E~',\" is (1:240 r In' a 1 hr): (KT/ sq 1lIi.) OJ' about a factor of :l low(,,' thtHl 

I 

the \'alups of T'lhle 3.18. OtheJ' authors 1:;.I".]"'.IB ha\'c made Similar calculatiuns 
and ct);)lpari";OIlo-' oj the,.;., factol's and of the decay eur\'cs for (he thennal 
lit"'utl'on fl;:.;~.;iun vI t·-·23:l. 

The nlll~lbL'1' Lli photons per disintegration and the a\"Cl·age cncrgy of thl? 
pho\l)lls fOl' the llll]")ll:ll mixturc of fissiou prodlll?t,.; [r'onl S- i\\L'V-IlCutl'OIJ 

fi~sj'J1i I.)f l'-:2J~ ~11'\..· .-:;hown as :.t function of linH.:' ~1ftl'1' fissi\)l1 in Figul"CS ;).1 
:Iud ~~.8, 1·('~pt'f...'tiYl·l.\. 

I 
I 
I 
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"1 he ralw of tilt: 1'(~"'jJOllse of Cln /\.l\., }>j)H- :j9\~j iJ!} )'adwt' iH:iri 1-,\ a mar! al 

about 3 f'Jet above a unifoJ ITl dif51ribl.ltion of fissif)f) p)·odut't;.; O\T) H pJ<.l)H.' ai"ca 

Lu th(~ calculated air ionization n;le is shown in Figure :J.!) Db Cl fUJ)r:tj<JlI of time 

after fi.ssioIl. Tht' instrument, for the indicated J'''SPOIl'''-', i.~ held by a IlIHn d;;d 

it; calibrated with a Co-Gil standanJ source!" The ratio \·Bril.::' fnJlI1 ub()ut 7:; to 
77 percent. mOb! of thf' reduction in the ionization nite measiH'ed is du': I' .. ' 

attenuation of the gnrrlIrHl )"IV" by the person holding the ill.';\)·umvlll and by the 
batteries and other den"".: llIattorials ne31' the ion chamber of the in!:>t)'ument. 

The only estimales of the i()ni.~ati(Jn ['ate of rnixeu [i.';sioll Pl'ooucts at 

early times after fission :j\'uilable are those for (he products of thc'l'nlal neutron 
fissilln of 1'·235. TIll' datu. and c;::Jculations of the garrJllla cncrg ... n:jease. 
from these fission products at early tilnes, ailer fi>;sio;] havc been surn1113riz'.:d 
by Zigman and Mackin!!) This summary of Ule gamma ra.,. [jblllJd[jllee~; i.'" 

converted t.o the ionization rates. photon eDC'rgy emission rate, and average 
photon ene rgies given in TabJe :3.1!J. To adjus! the ionization 1'a Ie \'aJ!I("" 
calculated from the data of Zigmfln and Maekin (0 those (If Table :3.i7 al 4;:> . .., 
minut.es, the fOJ'mer \overe increased by bb.51)(·;Tt'I1I. t.his ildjllstlllenljH'()\·ide5 

1.1 !';mooth .loin oi' the iOllization ratE decay clIn'c frOIll the e3rly to thL' lntv)' times. 

The c'-)Jl1put.ed ionization rates for' th'.: fil3sion product Ciclll('II!S condt:nsed 
in the liquid of the: ideal soil when it solidifies at J4(J(J°C (t~nd (If U}(·: fir'sf period 

of condensation) fOI' times of D se:t:onds (b.:J-KTj and (iO s",conds (14- M1') a 1'(' 

g'ivc!1 in Table :1.20 fp)' H·-MeV neL!tron fi."s·ioll oJ L.···2:lt-:. Also gi\,(:tJ ;11'(: thv r' f , 

vailles, with rf)Specf to U1C normal fissiol1- PI'O;JilCt mixllij'(' i.1·O)1] thel'mal 

nt'utnm fission of 1:-2:55. The varia1ioll in Fig'lIr~' :.~.1(1 of tilL' C(JII)putC'd \':JIL~t::-; 

of J'rp wit.h time aftel' fis:-iol'l show:,; that ti,,·: <lC).wndc,nc(' of UJ{: fl';)ction:Jtioll on 
limes of ('()l1ri('ns;ltiol1 of ~I sc(:onds :·;nd (iO seconds (H'~ KT alld 14-· MT. 
respucti\'(;iy) is not 1aq.;('. [Hit Uwt I.)(,t\\·(:<?n abollt 2 hOll)'s and 4()OO !Jour'S aftcr 
fission thl' mixture fl'om t.he in""L'I' ~'ie'ld i.'-; 1I,01't· highly fr·:\('lil>I):lIl·rl. 

The: .minimun1 in Lhf: CUI'Vl: at :2 ;H)U )·s is (jut' lu mf;'!o)' (h'plc:tions in Cs and 

Te, \.\hej·cas the minillltlll1 at about 20() bOll)'s is due: lu depl<.:tlU"'" ;;; I 1:31 [lild 
13a-l~JO _. J-,u-ll.jO. "r~-:(., lnaxilllllJ11 in the CUJ'\'C', fit ;~[)f.l() houi's. j'1~.sIIJl.~ f,'nJn the 

hig'/J abundance (Ii' ;(.1'- !JS - :\b- !J;" nnd the p(::tks at I illl(:!'; lo"g.:!· I.h:J1l 1 li,ll()() 

hUll I'" arc .. due to th" higlI yielcl.s of il", ],[j)'(' (::lrth (:)(,I1)('l)ls f)'OJI: 1>~:;K fiSsion 

p,'odll('1 S \\'iUl J't:::';Pl.'ct to the t ,,::;:::Hj fi::.;sioll }JJ'()duct.::, 

The oust:l'\ccl \';))'i:Jtion ill 1"" \\ ilh lillll aft"r fissioll :IS )lH,aSII)'llci HltiJ!t 

standard ioni'l.;)I\u)) l'hulnbtll', is ",hOWl) ill Fi~lll'l.· ;;.11 j(»)' t.iH: Ldlo\l1 fllllll a If>" 
iO\",'C'l' .sho!: ~I'jH' (.h,-":t'l''.'t'rJ I'll' \'ollll' :It 1 h()uJ' atit',I' dl:t,II'i{:jjliii Ls \ ('r.\ {}\i;"'i' ili 

tht' \'allil's C()ll1Plill't1 f(ll' thl' Is n.:" I' .\h·ld", :Jltd \\jtll the' t'XC'cpli(>1l (If S(lJllL' (]('lnil" 

in tJl(: ('~;l'\'e !..1~:1! 1112y be dll(:.' in p31~t !(I tht, j'{:::';pc,n,<":';t' ('hn ":l('tt' 1'i:--;t 1l',"':; uf !./11' jp.\ 

ClH1J11b('l' :Jl1d, in 1'31't. U:- 1.1)(: t,\'pc (Ii fi ...... ;::.;!(1I1. Lilt, c"[li('\II:'lt('d ('111'\'( '-. i"jj()\\, tbf> 

trcnd ":Jf Llll' pJ.J':--;l' j','{:d l'U j'\'(' qiii1t,;: \\ vl1 
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Tahlc 3.19 

EARLY-TIME IONIZATION RATE, PHOTON ENERGY EMISSION RATE, 
A:1I.TI) AVERAGE PHOTON ENERGY FOR FISSION PRODUCTS FROM 

THERjyL.~L NEL'TRO:" FISSION OF V-235 

I-----~I--·,---··---·- -.---r .. - _. -- -- ··-1 
! Time After I Air Ionization Rate I Photon Energy ! Average Photoni 
r Fissioil I . _ . . I Emission Rate ! Ener!!v I L- (secs~ {lO-I'> r/hr)/(fisSiOn~Sq ft_·_)-IJ_(M_e_v_/_·s_c_c_)_I_(1_0_~_-_f_iS_s_i_O_n_s_).;.I __ (_M_e_v_/Ph~ton) I 

I 1 I 25,600 1.150 1, 
1.5 , 19,800 1.178 

23 I 16,600 1.200 

5,020 I 
I 

3,940 I 
3,300 I 

! 
I 

I 
I 
I 

I 
I 
I 

I 
I 

<1 
6 
9 

13 
19 
28 
41 
00 
88 

129 
189 
277 
406 
;->qS 

870 
1280 
1870 
2750 
4030 
5~OO 

J 

12,700 
10,300 

7,530 
2,680 
3,820 
2,680 

1,840 
1,250 

MO 
560 
373 
250 
166 
109 

70.2 
45.5 
28.5 
17.9 
10.5 
6.65 
4.15 

._--_ .. -.-~.--- - ... __ .-------

19:2 

2,530 
2,060 I 
1,510 I 

1.235 
1.262 
1.296 

1,060 i 

768 I 
1.328 
1.348 

541 I 368 I 

1.363 
1.375 

252 1.38'l 
168 1.390 I 

112 1.393 
, 
I 

7-1.3 
49.1 
32.0 
20.6 

1.390 

I 1.378 
1.:155 

I 1.308 
1.3. ;J 
8.05 
5.12 
3.28 

1.:::·1 f) 

J 
1.170 
I.C74 I 0.992 

1.92 0.958 
1.24 0.970 
0.776 0.91;4 

I 
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[(J~:IZ,\TI' J.'\ !{,\ TL F' ,j{ FfSSI' ,:< PH' ,PI'('TS (:' 1.'-:1 H .. '-:SUJ , .'-: IIJ I· ,\ I. ;;'.! I. 
A'I It1(){} C I\'i':j SLC(}~..:r)S ("1-I-:T, ,\:\U Glj SLC(_~'!>S 1I·1-;\rr, 

AFTEH 1,1:,;:-;1(,;\ ()F r: .. ~:;' (., ;\11-:\' ,\1:r:TI:< ... ':SI ,\.'-:11 H .. \TI(J 
T<) THAT P.l{ Till': ~,()H~L\J. ;\11>:TI:I{j·. 1-"11'.:11 FrSSI'.': 

k .~Ica::m:c~~:~rat~:-. :-:-3-r:,)::,:"I+----;:·-~-~-~-:-·---';:1---:-~-3: 7-K2-;l':~fl 
i 1.12 I (8)210 II (E»220 0.331 I 0.316 I, 

i 1.64 I (8)119 I (8)llS 0.287 I 0.21;4 I 

1.20 
1.7S 
2.60 
a.E>O 
5.58 
ILlS 

12.0 
17.6 i 

1 

I 2:;.7 
~ _____ l 

1 A:' 
2.13 
3.12 

! 2.40 I (9)642 i (9)667 0.262 I 0.272 I 
i 3.52 (9)393 I (9)429 0.279 0.304 

5.16 (9)274 (9)313 0.339 0.388 
7.56 (9)197 (9)231 0.412 0.4'>3 

11.1 (~)137 (D)lGl 0.462 0 .. 54:;$ 
16.2 (10)890 (9}l02 0 .. 493 O.56.~ 
23.8 (10)544 (10)589 0.560 O.H07 
34.8 (JO)32~ (10r~:37 O.!)12 0.::'3::; 
51.1 (10)183 (10)189 0.431 0.507 
74.9 (11;&60 (10)103 0.424 0.4:)3 

4_57 i 
6.70 

110. 
16l. 
236. 
346. 
50(;. 

742. 

(11);jG3 
(11)269 
(11)162 
(11)110 
(12)823 
(12)639 

(11 )f.i31 
(11 )368 
(11 )259 
(11)191 
(11)141 
(11)100 
(12)67fJ 
(12)455 
(12 ):ll1 

(12)200 
(12)10{ 
(13)438 
(13)129 
(14):1I9 
(14)12F. 
\j ~)};)£;S 

IF)\:!H4 

0.333 
O.26!of 
o ?:3~ 

0.398 
0.368 

0.3"2 
0.4?6 
OARS 

0.551 
0.6:39 
0.752 
0.;"46 
0.922 
v.'l!:1() 

0.':i~8 

0.922 
0.H21 
0.630 
0.415 
!1.~4f: 

0.157 
V.11 >, 
0.097 
0.0<; 

9.82 
14.4 
21.1 
30.9 
45.:; 
66.4 
97.3 

14a. 
205. 
30l. 
438. 
650. 
949. 

1,3R7. 
2,0:'!7 . 
2,9fH:>. 

1,087. 
1,594. 
2,335. 
3,430. 
4,990. 
7.220. 

110,520. 
I, ] 5,600. 
, 22,780. 
3a,aoo. 
48,900. 
71,700. 

(12)387 
(12)2':'3 

(12)19~ 

{l2)110 
(13)479 
(13)170 
(14)577 
{H)279 
(14)13:3 
(1!l);)7!l 
(1;'\)292 
(1;)/194 

(15)13~ 

(l G)9:lG 

i (Lil161 
(l:'ip i I 

(1(;)807 
(16)607 

! 0.245 
0.283 
0.352 
0.469 
0.639 
0.7l.1f; 
0.913 
O.H:U 
0.982 
1.215 
1.48(; 
1.375 
0.921 
O.4~j; 

0.285 
U.ZUfJ 

0.166 
0.130 

a. r/hr at 3 ft above an infinite smooth plane [or 10' fissions p<'r sq ft. 

h. :-\umbc'r in parenthe::i5 is ":lumbcr of decimal point~ bct'\';f?f-'n decim:ll 

POl11t alld first digit (.st='(~ Figure 3 . .21). 
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For an rIp of ;3~l pcrc('nt at Jlfl, the ionizati()n rat(' at I hour per KT Jwr 
sq rni. would be 1190 for thc: mixture of fission products C'(mdcl1s(·d lip to the 
indicated ti mes. Jf the fallout a I so contained nf'utron-inducf'd aeti vi ti ('8 that 
cUlltribute at li+l, tli(; l'atiu v./I ... ,uTd I;~. }dJ~llt·J. 'rhc- ~n'("Jrt:lnt likely (or ji(,ssibI0) 
induced activities are those produced from neutron capturf'H by {J-2~lA as was 
found by Kimura7, MackinB

, Frf~iling22 and also ~·('ported b.v Stewart, Crooks and 
Fjschcr;~l. 

The activities and ionization rates of the possihle product nuclides, for a 
yield of 104 atoms at zero timp and up to 100 clays later, are summarized in 
Tahles 3.21 to 3.24. For the case in which the tabulated acti vities are 
associated with the neth;ti(,s from 104 fissions, they are equivalent to a yieJd 

of one product-nuclide for eaeh fission. ThUR, for the case where one of the 
neutrons from p.ach fission event results in a (n, y) reaction with U-238, the 
ionization rate from the products U -239 and Np-239 at 1J+1 would he 0.357xl0- 13 

r/hr per fission or about 180 r/hr per KT/sq mi. The ratio for the gross 
mixture is then 1370 r/hr at 1 hour per KT/sq mi. 

jf th(' relative yield of U-237 was that found by Kimura7
, namely 0.15 atoms 

per fission, the additional activity at 11+1 would be O.0020x10- 13 rlhr per fission 
or about 1 r/hr pcr KT/"'f! mi. A Vicld of 0.1!J atoms per fission of U-240, 
however, would give a contribution at /1+1 of about 30 r/hr per KT/sq mi. If 
Utis v;:';~"lTc"':, \.:-,(0 i";-.t~c [;::,;: the mixtul"l-' would hl' 1:l!l0 r/hr at 1 ill'u.t' per KT/sq 
mi. The obs('rved ratio for this rn ixture of radionuelides in fallout particles Oil 

an open rca] terrai!"! would be iesH than this value, due to hoth the inst.rument 
response mentioned above and to ohielding by the roughness of the terrain. If 
it is assumed that the im;trument T"l'sponse to the final mixture is abonl. t.he same 
as it is for the normal mixtllre of fission products, then a value of about 75 
percent (sec Fi~ure 2.H) would 1)(' appropriate for the AN/pDH<W(TIB) or 
similar radiac instrument. An eif('d.ivp terrain attenuation of 75 peref'nt with 
respect to the idpai smooth plane would give an observed value for t.he ratio of 
about 780 r/hr at 1 hour per KT Isq rni. This is lower than thc value, 1241), 
obtained from Ule <I:lta of the El'rW. 

Additiolial diSt·w,,.,,ions 01 how the <'ondensation process may procc('d at 
tinlf's long-,'r than thc' end of the first period of condensation, and of how the 
radioactiv(' composition can v;lry with particle :>iz(' alld dowllwind distance, 
are given in Ch:1pter h. 

1 ~J I; 



Talll<· :1.21 

ACTIVITY FHOM (J-2:17 FOn Jo-1 ATOM1-l AT ZEHO THvi'·;": 

C(I1··2:17)-

r:-;'Imc A r. i L, 

~_F_iS_S_I_o.n __ f--_(_ll_S_) __ I-_!_" /h" ,1 0" '1_:_r_l_h_r_x. ! Oil ) 

1 Ii (1) 11 H3 l
' (l) J :1:19

h 
(2 )!)!;7" 

1. 5h (l) 11 B 1 (1)1 :1:11, 
2h (J) 1178 (J)] :.13:1 

ah (1)11 7:1 (1 )I :12 8 
4h (1)1168 (1)1322 
Gh (1)1158 (1)1310 

8h (1)1148 (1)1299 

10h (1)1138 (!)!2KK 

12h (l)112!! (1)1278 
ISh (1)1114 (1)1261 
IHh (1)1100 (1)124;' 

24h (1)1072 (1) 121a 
1. f)u (1 )1 0 I R (1)1 i :,~ 

2d (2)%H (1) 10% 
:Id (2)873 (2)!)H8 
4d (2)7H~J (2)H!)3 

6d (2)(j·iO (2)724 

8d (2) :'2:1 (2) :')'2 

,ud (:~)'1~:) (2)·JKI 

] 5d (2)2:'4 (2)21l7 
20d (2)1:)2 (2)1'72 

30d (:n 54 7 (:I)() 1 D 

40<1 P) I !)(i (:1)221 

nOd ('1)2:'2 (4)2H5 
BOd (b):12:1 (S):lIjS 

(2)!J5r> 

(2)952 
(2)!)4H 

(2»)'·11 
(2)9an 
(2)!J28 
(2)!)20 

(2:,913 
(2)901 
(2)HBU 
(2)8(;7 

(2) fi31 
(2)7H:J 

(21 70ii 
(2)';38 

(2)5 J R 
(2)'12:l 
(2p4-1 
(2)20S 
(2) i23 
(:1)'142 
(:I) J 5!) 

(4)20·1 

I ,,":(,';. , 1 

(2)(;f;~b I 
(1) 13R 

{1)2fi7 
(I )400 
(l) (i44 
(1)!)22 
0_1183 

0.14:IH 

0.IH2 
O.2l!) 

O.2!)3 

0.43(; 

0.570 
0.821 
1.04ii 

1.433 
1.749 
~~.O():' 

2.4,,7 

2.'l2il 

2.a8'7 

3.080 
:;.125 

3 I :1° I 
:1. ) :12 

IOOd (H)41·1 

~- -----~------~ 

a. 10l.' J.). and lJa(l) al'e lor tlH~ disirlhl.IIIfH1 of pJ'! :!tnrn~ P!'C .c.:,(p~:trc font nv,~r 
an infinite plane at zero time. r. is ill air ionization r:.tes, r" it; in 

instrunlf:nt rt'~)pollsP unit~ 

h. :.,""/)('1' in pal·(,ni!H,sis is 11l .. m!H'I· ol ze,'os ·Jl('lw(,(,n d(,eilllal point and first 

d if, i t 

1 ~J7 



ACTIVITY FHOM IT-:'>:J!) FOB lO'l ATOMS AT %I':HO '1'11\11''': ('(I' 

I 
I 

O,l,,:n 
0,177;' 

O,Hno 

O. 'H;I~J 

O. ,s:I!1 

(J. 1 ,";I!I 

O.lH:I!) 

II, U;;l!) 

0, ,H;l!) 

1l.IH:I'l 

0, I H;l!! I 
I 
I 
I 
I 

:!1h 
1.;,d 

2<1 
:lel 
--tel 
(id 

~d 
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Figure 5.9 
VAR!AT!ON OF IONIZATION RATE WITH TIME AFTER DETONATION AT 
X ~ 1.37 y 10 5 FT fOR W ':'" 103 KT AND A W!ND SPE"ED OF 15 MPH 
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Figure 5.12 
VARIATION OF THE IONIZATION RATE WITH TIME AFTER DETONATION AT 
X z 3.35 ' 10,1 FT FOR W ~ 103 KT AND A WIND SPEED OF 15 MPH 
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Thc- frHetiol!-of-dc.'v!('C contour ratio, in I.cnllf; ef tht:· total I1Ilm"CI' of 
fif'ision events, is 

(HAl) 

or, for the standard values of D(l), qx' and if (1), 

i ,1:L5xl U-· 11 

13 W [ra( I) I- 0.01 9] 
(6.42) 

The fraction-of-novice contour ratio has two uses. The first is that it is 
used to estimate the surface density of eonstihwnts that arc assumed to mix 
uniformly with the more refractory fission products. The second is that it. is 
used in conjllnetion with ohserveo fallout patterns when the latter are integrated 
for tho total fraction of the weapon contained within a slated iord-r.aUon rate 
contour. The use of both contour r-atios is illustrated in Chapter 7. Volume n. 

For a lano surface bu rst, the average concentration of the fission 
products is estimated from the ratiO of FP

r 
(1) to M,. (Ii; this iF: 

C /p 

l l2xl()-24UWO.OHl~. r. «('I) 
• - JA JA 

._----
f( ('I) 

(;.1 Foliag('--ColJtarninntion Factor Contour !taU" 

«;.43) 

In Chut"1tec 2, the fuliage contamination factol', a ,was defilled as the 
ratio 01 the number of fiHHionR in the fallout on foliage fJer gram of dry plant. 
(or foliage) to the nunlber of fissions in the total ncpusited fallout, per sq ft 
of !:)oiL Aiso, the foliage surf::!.ce density, W ,(suh.ieet to eontafl"dnaUOli) wa~ 
defined as the grams of dry foliage per sq floi soil. Tl;",[-e[ure, ell<" foliage­
contam i.nation factor cont01.l l' ratio is definpd hy 

aT"".'!. fissions on foiiag.-,/ft 2 of soil ,,,'('a «() A4) 

r/I11' 



The contour ratio, evaluated as of H -I 1, is 

where 

aLw
L 

fissions on foJ iagf> !ft2 of soil arna 

Ko:(l) r/hr at I hr 

r/hr at I hI' 

fission/fe 
whl~n thp. standard values of D(l) and qx are useda It is ~;ccn frat multipUcaL;nn 
of Fer (1) by 1(1) gives the numher of fissions on foliage per sq ft of soil arca. 

The "zero-time" number of atoms of a given radionuclide (at least for 
the end memher of fI 1l1~8S chain) in the fallout is given by 

NO 
1\ 

aiorn s on fnli-? iTP 
Y Y C

r 
( I )I( I ). -..,-

A ft 2 of soil area 
(I; .4'l) 

in which Y A is the mass chain yield in atoms per fission of mass number A. 

The major interest in the contamination of folinp'"o hy fallout is related 
to the facl that the consumption of the foliage by animals and humans may 
produce all internal radiological ha:.::al·d. Therefore, generaJi:.::ation ancl 
extensions of t)w foliage contamination factor data from tower-and balloon­
detonation fallout are needed for making estimates of the potential biologiea 1 
availability of th~ radionuclidct5 in the fallout from "the l' typeH of nuelf'ar 
exploAions and for various foliage contamination conditions. 

When contaminated foliage is consllm cd, some of the radionllclilles or 
some fr:l.ction of each nuclide ingested is dissolved in the stomach fluids; 
the rernaind~)r stays with the particles ilnd pai->b thr'Jul-dl the dig-('sUv{' lra('t. 
Many of the dissolved nuelideR are assimilated into the biood Hnd cnnc('ntratl' 
in specific body organs. The factors involve(1 ill this distri/lution and the 
methods for cs1.i mating thf> ,'('sulling lnt(,rnal d')ses a,'p g-i v('n bV K. Z. Morgan 
and oth,,: L'S:~ 

However, JIlel];ods an' needed for estimating the relatiVt~ amount of ,-,ach 
nuclide that is soluble in the stomach fluids. Evaluations of the internal 
ha~al"d can iJe nladc (f,}l" fn110Llt cnnditi{il1S in .:t nuclear "i.\"ilr, for exqnlple) t'l~()n) 

the gE,neraiizatiolls of the foliage contamination factor [oi!l'thel' with estimates 
of thE. ,,:,;o~lILi1.iUes (Jr thl! radionueiides. 

:1·10 



The amount of radioactive nuclic\(>s that pass through the digestive tract 
may be considered separately because a large fraction of eertain radionuclidcs 
in the fallout will be insoluble. For these radionucIides, only the gross amounts 
passing through need be considered. However, for the case of the assimilation 
of the soluble nuclides in other body organs. each radionuclide must be con­
sidered separately. 

6.4.1 Insoluble-Nuclide Fractions 

A gross estimate of the radioactivity of insoluble nuclides passing 
through the digestive tract from ingestion of contaminated foliage can be made 
if it is assumed that the gross solubility of the radioactivity is the same in the 
stomach as it is in O.lN HCL. If the soluble fraction of the gross activity is 
df'fined as 8(t). the number of moles of fission product atoms ingested that 
pass through the digestive tract with the particles is given by 

moles of fission products 

day 
(6.48) 

where AF is FC r (t)l(t) in fissions on foliage/ft2 of soil area, and Ce (t) is in 
ft2 of foliage consumed/day. Equation 6.48 can be written in terms of dis/sec, 
as 

(6.49) 

where afp (t) is in dis/sec per fission at the time, t, after detonation. It may be 
noted that if Ce (t) is defined in terms of grams of dry foliage per day, wL may 
be eliminated from the definition of FC r (t) in Eqs. 6.44 and 6.45. 

Theoretical estimates of the fractional amount of insoluble activities 
may be mane from the data of Chapter 4 if it is assumed that all the fission­
product nuclides on the exterior surface of the particles dissolve in the stomach 
fluids. The fraction not dissolved is then given by the ro (A) values for each of 
the fission-product nuclides. If these fractionation numbers are redefined as 
rjA, where j designates the elealeni and A the mass number (isotope), then 
Eqs. 6.48 and 6.49 can be written as 

(6.50) 
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· . . 
'...,.....:-.~·~~_-_,_~ . .:.. ........ _""", .. >;.:':I,.;...~,.;,i.:;;;.:.1) ... :';.;....,..".".~ 

dis/sec 

dCi Y 
(lUi 1 ) 

where N jA (A) is the number of atoms of clement .i with till' mass number A per 
fission at the time, t, after fission, and ajA (t) is the activity in dis/sec per 
fission of the nuclide (the indices A and .i define the nuclide in terms of its mass 
number and.its atomic number, or elemental designation). 

6.4.2 Soluble-Nuclide Fractions 

The solubility in digestive fluids of each clement, radiolluelide, 
carried by the fallout particles deposited on edible foliage must be known before 
estimates of the amounts of each that concentrate in the tissue of (specific) hody 
organs can be made. If t.he nuclide solubilities in 0.1 normal HCl solution are 
the same as in digestive fluids, then measurements of the solubilities in the acid 
can be used in such estimates. If the solubility in the 0.1 normal HCl solution 
is defined as SJ for the jth element, the amount and rarlioactivity of the ith 
radionuclide (of element j) dissolved is 

and 

dis/sec 

day 

(G .:;2) 

(GS3) 

in which Sj is the fraction of element j that is so1uhle .. Theoretical upper-Hmit 
values of NjA (t) and a'A can be estimated by substituting the appl"Opriate valll(~s 
of r~ (A), redefined as JrjA , given by Eq. 6.9 for Sjo 

It should be emphasized that, for general applicability, the values 
of 8(t) and Sj must be knO\,lTl as a function of particle-diameter. For the 
smaller particles, the values of R" (A), or I' 'A are independent of particle size 

I J ' but the values of I' 0 (A), or r(A' are not. . 
J 

6.4.3 Variation of the Foliage-Contamination Factor with Particle Size 

The values of a
L 

and K 0' (t) depend on particle size. The dependence 
of the laUer on the particle-size designator. ry • is represented by Eq. GAG. The 
dependence of a

L 
on (\' was derived from the data of Romney and coworkers6 

presented in Chapter 2. 
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I 

The valups of (>' that :t"(,~lppli(~ahl(' to tht' v;, ril>llS nH';l~'"J'('d 1':tI\!I:'S 

of a
L 

wC,'U calculated from 

n' o 

wlwl'(' X is the clistane(' from grcHlDd ZI'I'O and h is t~H' ll1id-1H'ight "I Ih., ('1"ud. 
The values of (l'c can be llsed to estimate lh(~ Ilw<iian partic1c-dianH'I('r of tlw 
particles deposited at the distance X by the methods dcs('ri\)pd in Chaplel- :-L 
When v [ (the fall velocity) can be determined for the median partic]p diameter. 
as obtained from particle-size data. then tlie 1:; mph value of no can he <lder­
mined from 

l2.0/v f 

for v f in feet per second. The values of h amI other data. for tlw detonations 
for which v:1.lues of a are available. are given in Table G.9. 

L 

Table fi. ~l 

SllJ\ll\lARY OF SIlOT CONDITIONS FOI1 ]':STD1ATIN(; T1IE l\lFIHAN 
I'll. HTICLE DTA~,lETEn DFSrc;NATOI1 

Yield 
IJeight I h I T~ 

Shot of Durst 
ypc (} I 

(KT) (feet) Shot I 
(fect) 

Tesla 7 :300 24,000 Towel-
Apple I 14 GOO 27.000 Tower 
;-,i~l 

I 22 400 :j!) ,:;00 Tower 
Apple II 29 GOO :18.500 Tower 
Priscilla ! 37 700 34,GOO Balloon 

. Di:lblo 17 GOO 26,000 Tower 
Shasta 17 GOO 24.000 Tower 
Smoh-y 44 700 32,000 Tower 

I 

The yalues of the median particle size, with respect to ihe distri­
bution of actiYity on the particles. for two. locations each on Shots Apple II and 
Smoky, along with the computations of Uo. are given in Table 6.10. The (~o 
valucs calculated hy the two methods are nearly the same. 
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Table (i.l0 

CALCULATION OF 0'0 Fon SOl\lE FALLOUT LOCATIONS FHOM 
SHOTS APPLE II AND Sl\10KY 

X elm vr X/h (J'" 22.0/,·, Shut 0' 
(miles) (mierons) (ft! sec) 0 

Apple II 7 - - 0.960 (0.960) 

48 126 3.24 6.58 6.59 
106 70 1.39 14.5 15.8 

Smoky 132 56 0.94 21.8 2::1.4 
206 47 0.67 34.0 32.8 
259 - - 42.8 (41.3) 

The values of a given in Table 2.18 (see Chapter 2) are plotted 
in Fih'l.lre 6.6 as a function M (\'0 values computed by use of Eq. (i.54. This set 
of data for the retention of fallout by native plants. is widely scattered; 
however. the general trend of lhe values of a. from individual shots is to 
increase with increasing 0' o. Part of the ciifterpnce in the ohserveo variation 
of aL with 0' from one detonation tn another is undoubtedly due to the fact that 
differences in wind speed occurred. Other causes of the differences in the 
variation with (l' could be due to differences in humidity conditions and in the 
predominant types of foliage that were collected for analyses. 

The values of a
L 

calculated from the data of Table 2.16 (see Chapter 
2) for the forage crops (clover. alfalfa. wheat, and mixed grasses) are plotted 
in Figure 6.6 as a function of the 00 values that were corrected to an avcl'cc,;C . 
wind speed of 15 miles p~r hour (see Table 6.1U). Since the absolute accuracy 
of the source data is probably not better than 50 percent. a single line was 
drawn through the plottect data. neglecting one point. The suggested represen­
tation of a

L 
for these four forage crops is therefore given by 

a L = 9.5xlO- 5 (a o - 0.34); a o ~ 0.34 (6.56) 

The complete representation of the foliage contamination factor 
contour ratio for e\'aluation at III1 hour is then 

2.44xl08 WL (0'0 - 0.34) 

(ra(l) + 0.019) 
aD ~ 0.34 

The value of Fe T (1) for 0' 0 "alues less than 0.34 is t... ;:en to be zero. 

344 
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Figure 6.6 
VARIATION OF 0L WITH CALCULATED VALUES OF 0: 0 
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If it is assumed that the surface densitit:s of the clover and wheat 
foiia.e;~ in the flats used on Apple II detonation were h;gher than the average 
for such crops, then a range of values of wL may be suggested. These are: 

Red Clover 
Wheat 
Alfalfa 
Mixed Grasses : 

WL = 5 to 25 gm. dry plant!ft2 of soil surface 
wL = 10 to 40 gm. dry plant/ft2 of soil surface 
wL = 10 to 30 gm. dry plant/ft2 of soil surface 
wL = 5 to 25 gm. dry plant/ft2 of soil surface 

Wide variations in wL from these ranges might occur in various sections of 
the country. 

The fraction of the total fallout that is retained on foliage can be 
estimated from the product aLwL. Thus. for a wL value of 20. the fraction 
retained is 1.9x10-3 

( O!o - 0.34). In Table 6.8. the value of a 0 at the 1 r/hr at 1 
hr contour farthest downwind from ground zero is 26.1; at this location, a L wL 
is then 0.049, or about 5 percent, and the calculated value of ra(1) is 0.77. 
Hence, from Eq. 6.57. the value of FCr (1). is 1.6x1011 (fissions on foliage/ft2 

of soil area)/(r/hr at 1 hr). . 

Estimates of the median size (or size-range) of particles retained 
on foliage may be made if the variation with O!o of the median diameter of the 
particles in the deposited fallout is lmown. In Figure 6.7 the values of the 
median diameters of the fallout lodged on foliage, taken from Table 2.15. are 
plotted as a function of Go. For these data. the median diameter of the fallout 
particles on the foliage increases with Go; thus. the median diameter of the 
retained fallout increases as the median diameter of the deposited fallout 
decreases. 

Clearly this trend in the median diameter of the retained particles 
with Go Gould not continue indefinitely since at some point. when the diameters 
of the deposited fallout particles become very small, all the particles could be 
retained by the foliage. To illustrate this aspect, calculated values of the 
median diameter <d.ri J for the deposited fallout are also plotted as a function of 
('to in Figure 6.7. Extrapolation the linear representation of the data for dm 

of the foliage-retained particles as a function of Q o to the curve for d m of the 
deposited fallout gives a maximum value of about 57 microns. 

The various functional representations of the foliage contamination 
factor contour ratio. as derived from the data of Romney and coworkers6

• are 
based on information obtained from nuclear detonations of tower and balloon­
mounted devices. However, in the treatment of that data the emphasis was 
placed on the particular mathematical functions that could be used in making 
estimates of internal hazard from fallout produced by land-surface detonations. 
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This application should be valid for any condition of detonation since the same 
physical phenomena must be involved in particle retention by foliage irrespective 
of the source of the depositing particles. When more data become available, 
the proposed representations of the processes can be altered to be either more 
specific for different types of foliage or otherwise more complicated depending 
on the observed variations in the data. 
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